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ABSTRACT

The work described in this report was directed at the study of the

interaction between magnetism and superconductivity, a classical problem which

is important in establishing a fundamental understanding of both phenomena.

This field has attracted increased attention as a consequence of the develop-

ment of stoichiometric compounds which are superconducting and which contain

magnetic ions. The coupling between the conduction electrons and these ions

can either be ferromagnetic or antiferromagnetic. The work has had two

aspects, the study of thin films of magnetic superconducting compounds using

electron tunneling as a tool and the development of techniques for the

fabrication of films of the Chevrel phase compounds, which, because of their

high critical magnetic fields, are potentially technologically significant

*" materials. The tunneling investigations, in addition to revealing fundamental

features of magnetic superconducting matfrials, have also led to the develop-

ment of some new techniques for the fabrication of artificial barrier

tunneling junctions and have pointed out urusual possibilities for three-

terminal superconducting devices.
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I. Description of the Research

A. Introduction

The work supported under this contract can be divided into several

areas, fabrication and properties of thin films of magnetic superconductors of

the rhodium boride family, tunneling into magnetic superconductors, artificial

barrier tunneling junction fabrication and characterization, and fabrication

and properties of the Chevrel phase compounds. In the following narrative the

references are to works produced with support from this contract. These are

enumerated in Section II of the write-up.

B. Properties of ErRh 4B4 Thin Films

Essentially single phase thin films of ErRh4B4 were prepared by sputter

1
deposition from an arc-melted target of ErRh4 B4. This work was carried out

in an ultra-high vacuum system incorporating a liquid-nitrogen cryogettering

can. Optimum conditions for depositing the films were determined. Transition

temperatures were found to be slightly different from those measured on bulk

polycrystalline or single-crystal samples.

The critical magnetic fields of these films were investigated in some

detail. 2 The perpendicular critical fields H were found to be larger than

" the parallel critical field H . These unusual results were shown to beCi,

consistent with a simple model which considers the effect of the magnetization

induced in the film by the externally applied field. This was the first

report of such an effect in superconductors. The measurements serve as an

important probe of the internal magnetization of the magnetic ions in the

superconducting state.

4"
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Techniques for the preparation of tunneling junctions with ErRh4B4 base

electrodes and counterelectrodes of a number of metals, both superconducting

and nonsuperconducting were developed.3 This work permitted the study of both

Josephson tunneling and single particle tunneling in ErRh 4B4 thin films. In

. the case of pair tunneling, studies were carried out on ErRh4B4-Lu(OH) 3-In44

thin film junctions.4  The Fraunhofer-like pattern of the magnetic-field

dependence of the dc Josephson current was found to split at a temperature

just above the reentrant transition of ErRh4B4. This result suggests the

onset of a magnetic structure of semimacroscopic scale which does not break up

the superconductivity of the ErRh 4B4 electrode into disconnected domains, at

least within the surface region probed by tunneling. Other features of the

Josephson effect in these junctions were also investigated. All of them were

consistent with the onset of strong magnetic effects at a temperature of about

1.5 K, a full half degree above the beginning of the magnetic transition. The

results suggest the existence of an extended coexistence phase, perhaps con-

nected with the polycrystalline character of the films.
5

Single particle tunneling studies were also carried out in junctions

with ErRh4 B4 base electrodes and Sb counterelectrodes. Various features of

the paramagnetic, superconducting and ferromagnetic phases were revealed in

these studies. Anomalous features of the tunneling conductance in the fer-

romagnetic phase which persist into the superconducting state were observed.6

These appear to be connected with the onset of ferromagnetism in the region of

coexistence of ferromagnetism and superconductivity just above the lower

transition Tc2' Thus far they have not been explained theoretically. The

general behavior of the single particle tunneling conductance and the density

of states of ErRh B as a function of temperature is very consistent with the
4 4
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behavior of the Josephson effect in this material. In particular, the sub-gap

conductance which decreases with temperature below 8.0 K as the quasiparticles

freeze out exhibits a sharp minimum at about 1.8 K and abruptly decreases with

temperature as Tc2 is approached from above. This result is consistent with

the onset of strong pair-breaking in an extended coexistence region above Tc2"

We are convinced that this effect and corresponding features of the Josephson

current are the result of the polycrystalline character of the films and the

fact that small crystallites may become ferromagnetic at higher temperatures

as a consequence of surface effects.
7

C. Artificial Barrier Tunneling Junctions

In order to produce tunneling junctions with ErRh 4B4 base electrodes we

had to investigate the technology of the fabrication of artificial barrier

tunneling junctions. We succeeded in developing techniques for preparing

junctions with base electrodes of Nb, Nb3Ge, Y3Si, and ErRh 4B4 and with coun-

terelectrodes of Pb or In and barriers of oxidized Lu or Er.8  Junctions with

Nb base electrodes were characterized in detail. The work showed that

oxidized layers of the rare earths could be used to form artificial barrier

tunneling junctions on a variety of technologically and scientifically impor-

tant materials. The process is simple and fast and produces, with some base

electrodes, high-quality Josephson junctions which thermally cycle.

Because oxidized layers of the rare earth metals were potentially inter-

esting materials in their own right, we undertook investigations in order to

determine the chemical composition of these artificial barriers. This was

* done using X-ray Photoemission Spectroscopy (XPS).9 The work, which was

carried out in collaboration with the Surface Analysis Center of the

I.
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University of Minnesota, revealed that the barrier materials were undoubtedly

rare earth trihydroxides rather than sesquioxides.

D. Tunneling Junctions with Magnetoelectric Barriers

Our development of an artificial barrier for superconducting tunneling

junctions led us into serious study of the possibilities of a number of dif-

ferent junction configurations. We proposed a three-terminal Josephson

device, which in principle could have gain and which depends on the mag-

netoelectric effect.10 The latter is a property of the antiferromagnetic

phase of certain compounds. When an electric field is applied across a mag-

netoelectric material, a magnetization develops. If one junction of a two-

junction, three-electrode sandwich contained a magnetoelectric barrier, a

magnetic field would result if that junction were switched to the finite

voltage state. This field, when coupled into the second junction, would cause

it to switch from the zero-voltage to the finite-voltage state. If the second

junction had a larger critical current than the drive junction, then the

resultant three-terminal device would have gain.

This idea was a direct consequence of our investigations into the

properties of the rare earth sesquioxides and trihydroxides, because we dis-

covered the existence of the rare earth oxy-hydroxides which are

magnetoelectric compounds. A simpler version of the device described above

was conceived in collaboration with Professor T. Hsiang of the University of

Rochester. In this second device the drive junction is replaced by a

capacitor filled with magnetoelectric material. This permits the application

of a much higher voltage than would be applied across a Josephson junction.

The resultant magnetic field produced would be larger, but most importantly
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the device would have field effect transistor like input characteristics. It

would be a voltage controllable Josephson junction with a high input

impedance. A device such as this could be very important to the future use of

Josephson digital electronics.

E. Chevrel Phase Compounds

The greater part of the effort in this area was devoted to the develop-

ment of a computer-controlled high vacuum evaporation system for the

deposition of these compounds in a controlled manner. Such a system was

successfully developed. It employed a combination of electron beam sources,

resistively heated Langmuir sources and Knudsen sources. Unique features of

the system included the techniques employed to handle sulfur in a high vacuum

environment and the monitoring and control system used to ensure the formation

of stoichiometric compounds with a high degree of compositional uniformity.

Thin films of CuMo6S8 have been fabricated. The CuMo6S8 films produced

using these techniques were relatively highly ordered and pure. The HoMo6S8

films, as prepared, show a resistance minimum, but do not become completely

superconducting. However, after they are reactively annealed they become

superconducting and exhibit reentrant superconductivity similar to that

described in the work on ErRh4 B4 above. These methods have not been used

successfully to form PbMo 6S8 films because of the high volatility and short

dwell time of Pb on the substrate surface.

Articles describing the fabrication system and the results obtained

12with, it have been submitted for publication but have not appeared as of this

writing.
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C. An Evaporation System for the Preparation

of Ternary Compounds*

R. J. Webb** and A. M. Goldman

School of Physics and Astronomy

University of Minnesota

Minneapolis, MN 55455, USA

Abstract

A computer-controlled high vacuum evaporation system has been con-

structed for the fabrication of ternary compounds such as the Chevrel phase

materials. The latter are formed on a substrate held at high temperatures

with the constituent elements being deposited from some combination of

electron beam sources, resistively heated Langmuir sources and Knudsen

sources. Unique features of the system include the techniques employed to

handle sulfur in a high vacuum environment, and the monitoring and control

system used to ensure the formation of stoichiometric compounds with a high

degree of compositional uniformity.

* Supported in part by the ONR under contract N00014-78-0619

"Present address: 3M Company, St. Paul, MN
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I. Introduction

The preparation of superconducting compounds in the form of thin films

is motivated in part by the relative ease of characterizing the macroscopic

superconducting properties of materials in the form of thin films, and the

possibility of studying microscopic properties using electron tunneling

techniques. By and large the technology of forming binary superconducting
1

compounds such as the A15 compounds using sputtering or electron beam co-
2

evaporation techniques is well developed. The study of these materials is

now in a highly quantitative phase. On the other hand, the investigation of

the superconductivity of thin films of ternary supcrconducting compounds such

as the Chevrel phase materials 3 is far less developed because of the dif-

ficulties of preparing high-quality samples of controlled composition and
4

microstructure. Chevrel phase materials which are of interest in supercon-

ductivity are of the form TMo 6S8 where M is a metal ion. These compounds can

also be formed with Se replacing S and depending upon M the compounds are

either high-critical-field superconductors, magnetic superconductors, or mag-

netic compounds.
1.I

The fabrication of thin films of the Chevrel phase compounds containing

sulfur as a constituent, is particularly difficult as a result of the essen-

tial incompatibility of sulfur with the ultra-high vacuum environment needed

to prepare high quality films. Some progress has been made in the preparation

of either these materials employing sputtering techniques using compound

targets5 or by reacLive coevaporation techniques, 4 together with annealing in

a sulfur atmosphere. However, these methods appear not to be totally com-

patible with the surface processing requirements for the fabrication of

tunneling junctions. 6  It is with the latter in mind that we have developed

IJ
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the system described below. As many of the features of the system involve

standard technology, this discussion, in addition to providing an overview,

will concentrate on the unique features of the apparatus which contribute sig-

nificantly to its success in the fabrication of Chevrel phase compounds. In

Section II we will describe the vacuum system. Section III will be concerned

with the substrate mounting and heating. Section IV will treat the evapora-

tion sources, concentrating on the special Knudsen source developed for the

deposition of sulfur. Section V will contain a discussion of rate monitoring

and Section VI will treat the problem of process control. The last section

will contain a discussion of results and of an annealing technique which ap-

pears to be highly successful.

II. Vacuum System

The substrates, evaporation sources, and rate monitors are contained

within an ultra-high vacuum chamber, the components of which are shown

schematically in Fig. 1. This main chamber is pumped by a Varian VK-12

closed-cycle, helium-refrigerated cryo-pump, with a speed of 1000 liters per

second. In addition, there are ion pumps with a combined speed of 400 liters

per second. The chamber is lined with a thin-walled stainless steel shroud,

which is filled with liquid nitrogen during the evaporation, in order to

provide extra pumping and to capture stray evaporant. The chamber is also

fitted with heating collars which allow it to be baked at a temperature of ap-

proximately 150'C.

A separately pumped antechamber is attached to the main chamber, via a

gate valve, and is used to change substrates between evaporations. This an-

techamber precludes the necessity of opening the main chamber to atmosphere
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between runs. Using the antechamber, changing the substrates takes about one

hour, and background pressures before a run are typically about 5 x 10 torr.

III. Substrate Mounting and Heating

" The evaporant materials are deposited onto single crystal A!203 sub-

strates which are polished so as to be scratch free on one side when examined

in a microscope with a magnification of 70X. The substrates are 2.54 cm by

0.625 cm by 0.05 cm thick, and are oriented with the c-axis in the plane which

ensures that no substrate lines appear in an X-ray diffractometer scan. The

*. . objective in designing a substrate holder is to be able to measure the sub-

* - strate surface temperature while thermally insulating the substrates from the

rest of the apparatus. The holder must also have the capability of heating

the substrates to high temperatures during a deposition. It is also necessary

for the substrate holder to be compatible with a substrate changer with which

insertion and removal from the vacuum system is accomplished.

*The substrate holder is shown in Fig. 2. It consists of a stainless

steel frame with a thin niobium bottom which holds the substrates. When in

place, inside the main chamber, it is sandwiched between two boron nitride

insulators. The top insulator separates the steel holder from the heater

block, while the bottom one has the film masking pattern cut into it. The

substrates are heated radiatively by the niobium block to tempertures betw.'een

700 and 1100C. The block itself is heated by filaments which run through it.

The holder has an ear which mates to spring clip on the end of a

magnetically-coupled, linear-motion feedthrough, used to insert and withdraw
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the substrates from the main chamber. An indexing hole in the holder is en-

gaged when the heater block is lowered. This positions the substrates

relative to the mask disc. This feature is especially important for multiple

processing, such as fabricating tunneling junctions.

Using the above-described substrate changing apparatus, it is not pos-

sible to have a thermocouple attached directly to the substrate which is the

optimum way to measure substrate temperature. The thermocouple is, instead,

supported in an alumina tube which presses it against the substrate surface.

This method is susceptible to errors due to uneven contact pressure and con-

duction losses through the support arm. A non-contact, optical set.sor will be

installed in the future. An optical sensor should give a more accurate tem-

perature reading as it does not rely on a pressure contact and will not suffer

conductive losses.

IV. Evaporation Sources

There are four evaporation sources mounted in the main chamber, one

four-hearth electron gun, a single hearth electron gun, a resistively heated

dimpled tungsten boat and a molecular beam oven.

The molecular beam oven provides a clean, well controlled mechanism for

handling sulfur in the ultra-high vacuum environment. It consists of a

central crucible, made of copper, which is supported inside a copper water

jacket by four thermoelectric heating elements. The water jacket is fed by a

closed-cycle heating and cooling unit which is temperature controlled at all

times. The jacket protects the crucible from radiative heating by the other

sources, and is also used to bring it up to a quiescent temperature of about

.' '° , . . . .-.- . . .. . .. . . .. .
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80'C prior to a run. When the oven reaches this temperature, the ther-

moelectric heaters are activated to further warm the crucible to its operating

point, typically between 100 and 108'C. The power to the thermoelectric

heaters is adjusted in order to control this temperature precisely. The tem-

perature of the crucible is measured by a platinum resistance thermometer

affixed to it with Torr-seal epoxy, All copper parts of the oven are gold

plated to prevent attack by the sulfur.
7

Because the oven is a Knudsen cell or molecular beam oven, it provides

a well controlled stream of evaporant directed at the substrates. This fea-

ture precludes the necessity of having a high partial pressure of sulfur in

the system, which is advantageous both from the standpoint of cleanliness, and

because excess sulfur can cause operating problems for the electron gun

sources.

There are two electron beam sources in the system. A single crucible

electron beam source and a four-hearth source. One of the four crucibles of

the latter is in use at any given time, and they can be switched without

breaking vacuum. This allows, for example, using one crucible to evaporate a

constituent of the Chevrel phase, and then using another to evaporate the bar-

rier material for a tunneling junction. These electron beam sources are

powered by an Airco model CV-14 14 kW power supply. Electromagnets in the

sources can be coupled to an oscillator and programmable poaier supply to

raster the beam. This is necessary when evaporating a refractory retal such

as molybdenum at a low rate in order to prevent local r'elting of te pellet,

which will eventually cause a hole to form in the charge. This h~ole col-

limates the evaporant stream, thus changing the distributi ri 2vaporated

material in an uncontrolled manner.

• " o " .. " " ...S. ? . - . " ." , .•-
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As mentioned previously, sulfur in the system can cause operating

problems for the electron beam sources. These problems arise because sulfur

deposits on the insulators of the high voltage gun filament feedthroughs, and

causes them to arc. This problem has been eliminated by keeping the

feedthroughs warm at all times, thus causing any sulfur which is deposited to

desorb immediately.

In the present mode of operation, the electron beam sources are used to

evaporate the metallic constituents of the Chevrel phase materials. These

sources can also be used to evaporate insulators, such as AI203, which may be

necessary for the in-situ fabrication of tunneling junctions.

The fourth source is a Lang;:uir, or open source, which is a resistively

heated, dimpled boat made of either tungsten or tantulum. This source, which

is powered by an Airco model CR-4 SCR controller and transformer, is used for

evaporating materials, such as holmium, which sublime at a fairly low

temperature. The boat heats the entire charge evenly, as opposed to the

electron beam sources which heat the charge locally.

V. Rate Monitors

The deposition rate from each source is measured by a standard quartz

crystal rate monitor. Each monitor has also been calibrated by carrying out a

test evaporation and measuring the deposited thickness at the substrates using

either an interferometer or profilometer to determine a correction factor.

The crystals have a finite lifetime. When material has been deposited

to a sufficient thickness, the oscillations become damped or "hop" between

different modes. This limitation was a factor in the operation of the sulfur

molecular beam oven. In practice, the oven is pre-heated for approximately

S'
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two hours prior to a run in order to stabilize the sulfur evaporation rate.

This soak time, coupled with the necessary high sulfur evaporation rate, loads

the crystal to near its limit in a single run. To get around this problem,

the sulfur monitor is fitted with a nichrome wire heater which warms the

holder between runs and causes the sulfur on the crystal to desorb, returning

it to its original condition.

During the course of an evaporation the crystals are maintained at a

constant temperature by water circulated through lines which are silver-

soldered to the holders. Because of the particular cut of quartz used in

these crystals, the characteristic frequency of the crystals does not change

appreciably with temperature in the region from 0 to 65 'F. Therefore,

chilled tap water is adequate for temperature control.

A unique feature of the present system is that each crystal monitor is

fitted with a "snout" aimed at the particular source being monitored. This

snout helps prevent cross-talk between the sources, therefore ensuring inde-

pendent control of the individual evaporation rates.

The electrical connection from the crystal holders to the feedthroughs

on the vacuum chamber is made via a teflon insulated conductor which is doubly

shielded with copper braid. This shielding is necessary to prevent inter-

ference from rf emission during the operation of the electron beam sources.

These lines are also filtered externally with 1 WH inductors to block high

frequency noise.

VI. Evaporation Process Control

The evaporation rates from each source are monitored and controlled by a

NOVA-1200 compatible mini-computer. It is planned to replace this fairly

. ... .
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elaborate system with a personal computer with appropriate interfaces in the

near future. The control program is written in BASIC and uses a simple

proportional-integro-differential algorithm
8

E(k) = E(k-l) + Aoe(k) + Ale(k-l) + A e(k-2) (I)

where e(k) is the difference between the desired and measured rates at the kth

interval, and E(k) is the correction signal generated. The constants in the

above equation are given by

0

Td)(+ T + (2)A0  Kp( T. T

T

A -K +I + d (2)

A =K(Td) (4)
2 p T

where K is the loop proportional gain, T. is the integral time, Td is the

p 1

derivative time, and T is the period of the measurement. The above algorithm

9is obtained from the continuous time PID equation

E(t) - K e(t) 4. L.e(t)dt + Td ddt
pd

The paramoters Kp, T., and Td are adjusted to provide stable control of

the evaporation sources. Factors which affect this adjustment are the type oF

...... -. ... ...-...-....-.,...... >: " -i- "> i .o. ." ..- .. - - . .. . . • ..- .... • . .. ...-... =
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source in use, the material being evaporated, and the desired evaporation

rate. The optimum parameters are determined by observing the source control

voltage as the computer executes a step change in the evaporation rate. The

proper parameters are those which execute the change in the least amount of

time, with a minimum amount of overshoot, and without driving the control

voltage into oscillation. Typical sets of loop parameters for a variety of

materials and sources are given in Table 1.

The computer performs several different functions during the course of

an evaporation. The sequence of steps performed depends on the type of

source. The electron beam and resistive boat sources require three segments

of control. During the first segment, the source power is increased slowly up

to a pre-determined level. This warms the evaporant material and allows it to

outgas in a controlled way, thus preventing large pressure excursions. The

second segment maintains the source power at this level for a set time. The

source material is warmed evenly throughout, and its evaporation rate becomes

stable. At this point, the computer shifts to "rate mode" and, from then on,

controls the evaporation rate with the rate monitor and the above algorithm.

Control of the sulfur oven is accomplished by using the crucible tem-

perature to determine the operating point. The deposition rate from the

sulfur oven is monitored at all times as it may change from run to run, even

if the crucible is at the same temperature. This occurs because the sulfur is

in granular form and the heat distribution is not constant throughout the

charge. The capability of controlling the sulfur oven by its evaporation rate

has been built into the control program, but it is not used because of the

slow response time of the oven.

~~~~. ..... . . . . . ......--........-.....'..".-.'..". .... .. " , - - " . " . ., "" " .
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The control program is configured to operate in either of the two modes.

In the first mode the desired deposition rates from each source are pre-set

and the program controls each source independently. Because of the oven

response time limitation, a second mode is used, whereby the oven is first

warmed to its operating point. The program then averages over the five

preceding sulfur rates to determine rate from which the rates required of the

other sources are calculated. This calculation is performed continuously and

maintains the relative composition of the evaporant stream, despite shifts in

the Sulfur rate. This feature helps to ensure compositional uniformity

throughout the deposited film. The computer also prints out the individual

rates every three seconds as the run progresses.

An important feature of the control program is that it limits the range

of possible rate readings from each source. The program ignores spurious rate

readings above a given value and any negative readings. These readings can be

induced by interference from the electron beam sources. The output lines from

the computer to the electron beam power supply are also filtered to minimize

interference. These filters, plus those on the rate monitor lines, have been

completely effective in stopping unexpected halts in the execution of the con-

* trol program which had been observed prior to their installation.
0

The system has been operated with overall rates the order of 3 to 10 A

roer second, or essentially one layer of unit cells of the Chevrel phase comn-

* pound per second. The gate time, the time during which the rate monitors

count, is one second. Therefore, any short term fluctuations in the rates are

averaged over one layer of unit cells.

* This method of using a slow overall rate and carefully controlling the

relative amounts of material deposited is in contrast to the technique
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employed by Hammond in fabricating A15 compounds. 2 That te-hnique relies on
0

high evaporation rates, 100 to 200 A per second, and fast control, which is

necessary because of fluctuations in the rate created by turbulence in the

molten charge materials. These fluctuations may lead to inhomogeneity in the

composition of the samples. This problem in the present instance is avoided

by evaporating at a slow rate because the charge material remains stable.

Another advantage of using a slow rate is that because the constituents react

at the surface, bulk diffusion is not required to ensure sample homogeneity.

Perhaps one of the most important features of the present system is its

cleanliness, which is necessary for producing consistently high quality

Chevrel phase materials. An estimate of the number of impurity atoms incor-

porated into a film can be made from simple kinetic theory. The number of

atoms impinging on a surface is given by

N = p 2 mkT (5)

At an operating pressure of 5 x 10- 9 Torr, and an overall evaporation rate of

10 A per second, the above expression leads to an impurity of about .05%,

which is lower than that of most starting materials. Because of this, it is

not necessary to rely on a high evaporation rate to produce clean samples.

VII. Results and Discussion

It is first useful to summarize the unique aspects of this deposition

system and its use in the preparation of ternary compounds. In contrast with

4previous attempts to fabricate Chevrel phase compounds 4 by coevaporation tech-

niques, sulfur vapor is projected at the substrate using the molecular beam

source rather than by bleeding high purity H2S or hot S gas into the system,

raising the pressure to the order of 1) 3 Torr. The flux of sulfur incident on

-i ii 11ii : L1: .,,._11 1 I, - I . " , ..-.s .-.. , ..-,,..., . .2- *. ., - . . . , -. .- '. -', -". ' - • - - .. .- .-,
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the substrate is the primary control parameter in determining the rate of for-

mation of the films. Great care is taken to minimize the contaminating of

effects of sulfur in the vacuum chamber. The exterior of the molecular beam

oven and a shroud around its orifice are both cooled so that any sulfur vapor

emitted from the oven, even when it is at ambient temperature, is not scat-

tered about the interior of the stainless steel bell jar. Nevertheless, it

was found necessary to heat the high-voltage vacuum feedthroughs of the

electron beam sources to prevent arcing during deposition as some sulfur col-

lects on the insulators.

A key feature of the operation of the system is the unique evaporation

rate monitoring and control system. Each source is monitored with a col-

limated crystal-oscillator thickness rate transducer. The computer software

is also arranged to ignore momentary excursions of the measured rate caused by

any electrical transients generated in the evaporation process, a necessary

step even though careful filtering has been carried out to minimize the

problem.

We now discuss representative results obtained using this system. n
0

Fig. 3 we show the X-ray spectrum of a 4500 A thick CuxMo6S 8 film. As can be

seen, this film is nearly single phase with only traces of MoS2 and free Mo.

It was deposited at a substrate temperature oF 8000C on an overall rate es-
0

timate to he 3 A/second. In Fig. 4 we show its resistivity determined

supetconducting transition. The width of the transition, as defined by the

temperature span between 0.1 R,1 and 0.9 RN was only 0.3 K, implying that this

film is a very homogeneous specimen of CuM.o 6 S8. The temperature derivative

perpendicular critical field near T was found to be 1.6 T/K, a value close to
c

that of bulk material.

,-... . _ . . - .. . . , . . - , . . , . - . , ,
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In Fig. 5 we show the X-ray pattern of a HoMo S film, also deposited at
6 8

a rate of 3 A/second, and which is approximately the same thickness as the

CuMo S film described above. The plot of R(T) is shown in Fig. 6. It should

6 8

be noted that the as-prepared film did not exhibit reentrant superconductivity

and had a resistivity ratio R300K/Rl5K of about unity. The film was then

returned to the vacuum system and annealed for an hour at 850'C in the

presence of a flux of sulfur vapor identical to that used during the original

deposition. The resistivity ratio then rose to 2 and reentrant superconduc-

tivity was observed. A subsequent annealing for an additional two baurs under

the same conditions resulted in a further reduction of the room temperature

resistance and an increase of the resistivity ratio to the order of 3. In

this instance reentrant behavior was not observed in zero magnetic field. In

a field of a few hundred Gauss the resistance was observed to increase towards

the low end of the obtainable temperature range, suggesting that the final an-

nealing steps served to lower Tc2, which is the tempera':ure at which the

material reenters the normal state. Further studies at lower temperatures

will be required to determine in detail the effect of the final annealing

step.

The above results are presented to demonstrate the versatility of the

apparatus used to prepare thin film Chevrel phase compounds. Adjustment of

the evaporation parameters is guided by observation of the impurity phases

present in each film and their relative stabilities. Thus in the case of

PbMo6S 8 we were not successful as Pb is very volatile and has a very short

dwell time on the substrate at high temperatures as shown by the absence of

any Pb or Pb-based phases in the as-deposited films. The annealing process

which was used to produce reentrant HoMo S is potentially very useful in

6 8
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preparing these materials in a manner consistent with fabricating high quality

tunneling junctions. In contrast with previous work in which annealing,

either to produce the correct phase or control the surface was carried out in

a separate clamber or in pyrex or quartz tubes, the annealing here is. carried

out in an environment compatible with subsequent processing to form a tunnel-

ing junction. It may be possible to use the same trick with Pb as was used

with S to produce Pbo 6S8 , thus getting around the difficulty we described

above.
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Figure Captions

Fig. 1. Schematic of the Evaporation Apparatus. The letters denote the fol-

lowing components: a. linear motion manipulator, b. vacuum lock

chamber, c. niobium heater block, d. substrate holder, e. mask

carousel, f. shutter, g. thermocouple, h. liquid nitrogen shroud, i.

sulfur molucular beam oven, j. crystal rate monitors, k. four hearth

electron beam source, m. single hearth electron beam source.

Fig. 2. Detail of substrate holder. The letters denote the following

components: a. niobium heater block, b. boron nitride irsulator, c.

substrates, d. stainless steel frame with niobium bottom sheet, e.

boron nitride mask, f. linear motion manipulator, g. stainless steel

mask carousel.

Fig. 3. X-ray intensity in arbitrary units vs. 20 for a CuMo 6S8 film.

Miller indices labeling various lines are shown.

Fig. 4. R(T) for the CuMo6S8 film of Fig. 3.

Fig. 5. X-ray intensity in arbitrary units vs. 20 for an HoMo6 S8 film as-

prepared.

Fig. 6. R(T) for the HoMo 6S8 film of Fig. 5. The rectangles are for the as-

prepared films. The closed and open circles are for measurements on

cooling and heating after one anneal. The closed and open triangles

.....................................................
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are measurements on cooling and heating respectively after the

second anneal.
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* Table I. Proportional-Integral-Differential Control Loop Parameters

MATERIAL SOURCE RATE K T. Td
0p d

A/sec. sec. sec.

S oven 5 1 700 .01

Mo e-beam 2 150 10 .1

Cu e-beam 2 150 35 .

Ho boat 2 100 35 .1

Pb c-beam 100 150 10 .1

Pb e-beam 2 1 .01 .01

Gd c-beam 2 150 35 .1
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